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Abstract
The results of spin-polarized density functional theory calculations find that band gap
engineering can be achieved by site-specific interactions in a composite consisting of polyaniline
and TiO2 nanoparticles. Interactions in the composite matrix are found to be mediated by Ti
atoms inducing dependency of location of the conduction band minimum on the polyaniline site
which is being probed by TiO2. This dependency is due to subtle changes in the nature of valance
or  conduction states  near  Fermi level  introduced by the interacting matrix  sites.  The results
therefore suggest that optimization of the synthesis parameters at atomic level can be an effective
way to improve performance of a photovoltaic device based on PAni- TiO2 composite.
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1.0 Introduction
Polymer  composites  consisting  of  organic  and  inorganic  materials  generally  exhibit
unusual properties which differ from properties exhibited by their component materials. These
hybrid composites are promising candidates for applications in energy and health related areas.
For example, the hybrid composite of polyaniline and TiO2 has been suggested for applications
in  diverse  areas  including electrochemical  capacitors,  heterostructure  devices,  microbial  fuel
cells, and gas sensing devices [1-4] . It is to be noted that polyaniline (PAni) is one of the oldest
organic  conducting  polymers  known  for  its  stability,  ease  of  processing,  doping/dedoping
flexibility and low cost of manufacturing [5]. TiO2 is one of the technologically important oxide
semiconductors with strong potential applications in a variety of devices [6-9].
In  recent  years,  photosensitive  devices  based  on  organic  semiconductors  have  been
pursued  as  viable  alternatives  to  silicon  photovoltaics.  Growing  research  on  organic
photovoltaics (OPV) has shown that they might be able to address future energy supply issues
due to their low production cost, flexibility and roll-to-roll printing methods [10, 11]. Various
prototypes of hybrid photodetectors have since been fabricated and tested. Photodetectors based
on PAni and TiO2 hybrid composites, both under photoconductive and photovoltaic modes have
shown  excellent  results  including  high  photosensitivity,  fast  response  speed  and  good
environmental stability [4, 12-14].  
An ideal scenario for fabrication of a photovoltaic device using PAni and TiO2 would be
TiO2 nanoparticles well-dispersed in the polymer matrix  to form percolated networks,  which
could then improve the device performance manifold. In a typical device architecture with the
photoactive layer as the PAni-TiO2 composite, PAni serves as the donor and TiO2 serves as the
acceptor material.  The light generation and collection process can then involve the following
steps.  At first, light absorption by the active material (donor/acceptor composite) takes place
followed by generation of  excitons.  Next,  charge  separation  occurs  at  the interface  between
donor and acceptor due to high electron affinity of the acceptor material. Subsequently, transport
of charges through the bulk material  takes place, and finally the charges are collected at  the
respective  electrodes  resulting  in  a  flow  of  current  under  the  external  field.   Proper  band
alignment, interfacial  properties between the donor/acceptor materials and tuned bandgap are
three predominant factors on which the performance of a photovoltaic device relies. Although
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different hybrid materials are synthesized and utilized for fabrication of the stable photovoltaic
devices, question of bandgap tuning of individual material is still challenging. This is due to the
fact that material  scientists are now seeking more facile and efficient techniques to shift  the
optical  absorption  of  semiconducting  materials  to  the  visible-infrared  regions  of  the
electromagnetic spectrum. In particular, in spite of having greater stability, the band gap of PAni-
TiO2 hybrid composite is difficult to tune in the visible-infrared range [13, 14], and hence the
utilization of PAni-TiO2 composite in efficient photovoltaic applications is somewhat limited.
Appropriate  bandgap  tuning  may  also  facilitate  the  utilization  of  this  hybrid  composite  as
electrochromic materials and in visible light induced photocatalysis [15-18]. In this paper, we
focus on tailoring the magnitude of the band gap via site-specific interactions at nanoscale in
PAni-TiO2 composite. In particular, electronic structure calculations will be performed on the
fully reduced state of PAni and sub-nm sized nanoparticles in the form of a (TiO2)3 cluster to
provide atomic-level understanding of the site-specific interactions in the hybrid composite.
2.0 Computational Method
Calculations based on density functional theory were performed using the Vienna Ab-
initio Simulation Package (VASP) with Projector Augmented Wave (PAW) method. [19-22] The
Perdew-Burke-Ernzerhof  (PBE)  [23]  functional  form  under  the  generalized  gradient
approximation (GGA) was used.  In calculations, the polyaniline chain was extended in the x-
direction, and the dimensions of the supercell were (21.3x20x20) Å3. In the periodic supercell, a
vacuum distance normal to the plane was set to be larger than 20 Å to eliminate interaction
between the image replicas. The plane wave energy cut-off was fixed at 500 eV. The reciprocal
space was sampled by a grid of (8x1x1) k-points in the Brillouin zone. The energy and force
convergence criteria were fixed at 10-6 eV and 0.001 eV/A, respectively. Bader’s charge [24-26]
analysis was performed considering charge contributions from both valence and core electrons.
Analyses  of  the  bonding  and  antibonding  states  via  the  crystal  orbital  Hamilton  population
(COHP) were performed using the LOBSTER package [27-29].
PAni has three oxidation states:  (i)  Leucoemeraldine base (LB) in the fully reduced
state,  (ii) Emeraldine base (EB) in the partially oxidized state, and (iii) Pernigraniline base (PB)
in the fully oxidized state [30].   The calculated results find the LB form of PAni to be the most
stable in agreement with the previous theoretical results [30, 31], thus showing reliability of our
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approach based on the GGA-DFT level of theory.  All the atomic structures and charge densities
are plotted with VESTA 3 visualization package [32]. 
3.0 Results and Discussion
3.1 Polyaniline (PAni)
Figure  1 shows  the  equilibrium  configuration  of  LB-PAni  with  the  calculated  bond
lengths of RC1-C2= 1.41, RC2-C3= 1.39, RC3-C4= 1.41, RC4-C5= 1.41, RC5-C6= 1.39, RC6-C1= 1.41, RC1-N=
1.40, and RC4-C2= 1.40 Å which are in excellent agreement with previous DFT results [31].
Figure 1: The equilibrium configuration of LB-PAni.
The calculated band gap of LB-PAni is 1.8 eV whereas the corresponding experimental
value is 3.6-3.8 eV [33].  This underestimation of the band gap is a well-known deficiency in
DFT-GGA calculations, though the experimental samples are also affected by imperfections in
synthesis  conditions.  For  LB-PAni  of  a  finite  chain-length,  previous  DFT calculations  have
predicted its gap to be 4-5 eV [34, 35]. It should be noted that the energy difference between
planar and nonplanar LB-conformations is found to be rather small of about 0.015 eV/atom.
Therefore, the planar structure of LB-PAni is considered for further calculations allowing us to
utilize  our  modest  computational  resources  for  calculations  without  modifying  physics  and
chemistry of the system.
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3.2  Sub-nm sized Nanoparticles: (TiO2)3 
Total energy calculations were performed on planar and non-planar conformers of the
sub-nm sized nanoparticles represented by a (TiO2)3 cluster. Figure 2 shows the ground state of
(TiO2)3  consisting of a cage-like configuration with R(Ti-O) ranging from 1.68 to 2.08 Å. R(Ti-Ti) is
calculated to be 2.82-2.85  Å in agreement with the previous study [36]. Note that the planar
(TiO2)3 conformer is 2.3 eV higher in energy than the non-planar cage-like (TiO2)3. 
Figure 2: The ground state configuration of (TiO2)3.
3.3. Polyaniline -TiO2 Composite 
Several sites of PAni are considered to determine the most energetically preferential site
for (TiO2)3 in the matrix. They are classified as either top, bridge or hollow sites, such as  TopC1,
TopC2, TopN, TopH, Bridge1 (bridge between C1 and C2), Bridge2 (bridge between C2 and N) and
Hollow1 (hollow site at the center of hexagon) as shown in Figure 3. 
Figure 3.  Schematic of PAni sites considered for interaction with (TiO2)3. (C-Violet, N-Brown, H-Blue)
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The energy surfaces representing the interaction of  (TiO2)3 with PAni are obtained by
varying the vertical height of (TiO2)3 with respect to the plane at each interacting PAni site. Two
orientations of (TiO2)3 with respect to the PAni are considered: (i) the vertex Ti atom nearer the
PAni  plane  (Figure  4),  and  (ii)  the  central  O  atom  nearer  the  PAni  plane  (Supplementary
Information, Figure S1). In the former, the central axis of the TiO2 passing through the vertex Ti
atom makes an angle of 64º relative to the PAni plane.
Figure 4.  Schematic of the equilibrium configurations of (TiO2)3 interacting with PAni at Bridge (B1),
TopC2 and TopN sites. (Ti: large green circle, O: small red circle).
In an equilibrium configuration, the binding energy is defined in terms of the constituents
of the hybrid system. For Ti-orientation, TopH1 site of PAni is least preferred with the binding
energy of 0.1 eV. The remaining interacting sites (i.e. TopC1, TopC2, TopN, Bridge1, Bridge2 and
Hollow1 sites)  of  PAni  are  almost  equally  preferred  with binding energies  of  0.15-0.17  eV.
7
Interestingly, O-orientation of (TiO2)3 approaching PAni is not predicted to be the energetically
preferential with the binding energy values of 0.03-0.5 eV  (Table S1). The calculated results
therefore find the interaction between (TiO2)3 and PAni to be mediated by Ti atoms in the matrix.
It should be noted that the results from spin polarized calculations find the hybrid system to be
non-magnetic.  
In order to understand the predicted affinity of Ti atoms with the PAni matrix, we have
calculated the charge density and electron localization functions associated with Bridge1, TopC2
and TopN   sites exhibiting similar degree of affinity with (TiO2)3.  Figure 5 shows the electron
localization function (ELF) from two different planes; one plane parallel to the plane of PAni and
the  other  perpendicular  to  PAni  plane  intersecting  the  midpoint  of  the  cluster.  An  ELF  of
magnitude η = 0.65 is found to be suitable to reproduce the localized electron pairs for all sites in
the hybrid system. The localization domains near the center point of the C-C bonds suggest the
highly covalent nature of the bonds. Such domains are absent for the C-N, N-H, and C-H bonds.
Additionally, Bader charge analysis [24-26] finds that there is an overall increase of ≈0.20|e| for
(TiO2)3 indicating charge transfer from the donor (i.e. PAni matrix) to the acceptor (i.e. (TiO2)3)
thus  increasing  ionicity  between  Ti  and  O  atoms  in  the  hybrid  system  ((Supplementary
Information, Table S2). 
Figure 5: Electron localization function of the PAni-TiO2 composite at Bridge1, TopC2 and TopN  sites.
Localized electron pairs known as electron basins are formed in between C-atoms whereas extended
basins are formed between C-H and N-H bonds.
  The effect of small  but noticeable change in the nature of bonds within the hybrid
system is reflected in total density of states given in  Figure 6. For all cases, semiconducting
nature of the hybrid system is  predicted.  The valence band maximum (VBM) region mainly
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consists of states associated with atoms of PAni matrix. This is not the case with the conduction
band minimum (CBM) which is dominated by states associated with Ti atoms. And the location
of CBM is found to depend on the TiO2 binding site of the matrix yielding a band gap of  0.97
eV, 2.38 eV and 1.65 eV  for Bridge1, TopC2 and TopN configurations, respectively. It is important
to point out here that recently site dependent doping method has been used to tune a variety of
material properties like  thermoelectric parameters, spin manipulation, charge transport, etc [37-
39]. 
Figure  6:   Spin-polarized  DOS  of  PAni-TiO2 associated  with  Bridge1,  TopC2 and  TopN
configurations. The red region represents the spin-up states while the green region represents the
spin-down states. Zero is taken to be the Fermi level.
To see the interactions in the lower conduction bands, we calculate the partial charge
densities  at  different  energy  ranges.  Figures  7(a)  and  7(b) show  the  partial  charge  density
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distributions at the range 1-1.3 eV and 2-3 eV at Bridge1-site. Figures 7(c) and 7(d) show the
partial charge density distribution at the range 2-3 eV at TopC2 and TopN sites. From the figures, it
is clear that the process of charge transfer  from PAni-matrix to TiO2 cluster in the specified
energy windows are different for different doping sites.  This ultimately give rise to dependency
of the CBM on the binding site of TiO2. In order to gain additional insights, we further examine
the nature of bonding between PAni and (TiO2)3 using the crystal orbital Hamilton population
(COHP) method. Figure 8 shows the results of COHP analysis for the hybrid system where the
positive population represents the bonding states while the negative population represents the
antibonding states in the system. At the bridge site of the hybrid system, Ti-atom has two nearest
neighbors C atoms. 
Figure 7 :      Conduction state charge densities in the energy windows (a) (1-1.3) eV at Bridge1-
site;  (b) (2-3) eV at Bridge1-site; (c) (2-3) eV at TopC2-site; (d) (2-3) eV at TopN-site
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Figure 8:    pCOHP plots of the hybrid system: (a) Bridge site, Ti-C1(red region)/Ti-C2(blue
lines) (b) TopC2-site, Ti-C2 (c) TopN-site, Ti-N. The positive population represents the bonding
states while the negative population represents the antibonding states. Zero is taken to be the Fermi
level.
Contributions from interactions between Ti-C1 and Ti-C2 atoms are shown by the red and blue
regions,  respectively.  These  contributions  are  similar  in  the  lower  bonding  regions,  but  are
slightly different for the higher antibonding states. The bonding states even cross the Fermi level
with a peak around 1 eV.  This is not the case with the TopC2-site, where the bonding states do not
cross  the  Fermi level  and the  higher  energy states  are  the  antibonding states  arising due to
contributions from interacting neighboring atoms, Ti and C in the hybrid system.  For the TopN-
site, there appears a mix of the bonding-antibonding states at the higher energies.  Thus, the
COHP analysis  clearly  shows  a  subtle  dissimilarity  in  nature  of  bonding  at  the  PAni  sites
interacting with (TiO2)3 which may lead to site-dependency of the position of CBM in the hybrid
system. 
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4.0 Summary
First principles calculations based on density functional theory are performed to provide
atomic level  understanding of site-specific interactions in  a polymer composite  consisting of
polyaniline  and  sub-nm sized   TiO2  particles.  We find  that  the  bonding  in  such  a  polymer
composite will be mediated by Ti atoms, and subtle changes in the nature of bonds between PAni
and (TiO2)3 can lead to variation in the band gap of the composite system.  The calculated results,
thus,  give  a  qualitative  support  to  the  fact  that  the  bandgap of  an  organic-inorganic  hybrid
material can be finely tuned by site-specific interactions in the polymer matrix. 
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